Strongly Coupled Chameleons and the Neutronic Quantum Bouncer 
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We consider the potential detection of chameleons using bouncing ultracold neutrons. We show 
that the presence of a chameleon field over a planar plate would alter the energy levels of ultra cold 
neutrons in the terrestrial gravitational field. When chameleons are strongly coupled to nuclear 
matter, /3 > 10®, we find that the shift in energy levels would be detectable with the forthcoming 
GRANIT experiment, where a sensitivity of order one percent of a peV is expected. We also find 
that an extremely large coupling /3 > 10^^ would lead to new bound states at a distance of order 
2 microns, which is already ruled out by previous Grenoble experiments. The resulting bound, 
P ^ 10^^, is already three orders of magnitude better than the upper bound, P ^ 10^^, from 
precision tests of atomic spectra. 
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The accelerated expansion of the Universe is one of 
the most puzzling discoveries of observational cosmology 
so far. Amongst all the various attempts to explain this 
phenomenon, such as the existence of a pure cosmological 
constant justified by anthropic considerations, a possible 
modification of gravity on large scales or the fact that the 
Copernican principle could be violated, the existence of 
a cosmological scalar field of the quintessence type [IHl] 
is a strong contender just as Cold Dark Matter is a good 
candidate to explain the rotation curves of galaxies and 
the large scale structures of the Universe. Recently, mod- 
els in which scalar fields couple to matter [5^ have been 
developed and led to the motivated possibility of testing 
them in laboratory experiments. Indeed, a scalar field 
coupled to ordinary matter might mediate a new long 
range force and would show up in fifth force searches or 
equivalence principle tests. In order to evade the result- 
ing constraints, screening mechanisms have been invoked 
whereby the field surrounding a compact body becomes 
trapped inside and does not lead to a large gradient out- 
side dense objects. In this letter, we will focus on the 
chameleon mechanism where a combination of the po- 
tential V{(j)) of the scalar field (p and a coupling to mat- 
ter leads to the existence of an effective potential for the 
scalar field quanta which depends on the local density p 
of the environment 



(1) 



So far the best constraint on /3 comes from atomic 
physics and reads /3 ^ 10^* 'W. When the potential is of 
the runaway type with a vanishing minimum at infinity, 
the effective potential has a density dependent minimum 
•^min- This is the vacuum of the theory in a given envi- 
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ronment. The density-dependent minimum is such that 
the mass of the scalar field becomes also density depen- 
dent. We will focus on inverse power law models defined 

by 



\4+n 
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where we have neglected higher inverse powers of the 
chameleon field. We will choose A = 2.4 x 10"-^^ GeV to 
lead to the acceleration of the universe on large scales. 
The potential has a minimum located at 
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The chameleon rest mass at the minimum is 



p n + 1 



PI 



(3) 



(4) 



Thus, when considering a macroscopic body of size d as 
a source of the field (j), nonlinear effects of the theory 
become significant when m^d ^1. In this case, only a 
thin shell at the surface of the body contributes to the 
field. The thickness of the shell (and the very presence of 
the thin shell when considering small bodies) depends on 
the strength f3 of the chameleon coupling to matter. Due 
to the thin shell effect, the chameleon could very well be 
strongly coupled and still evade laboratory limits with 
macroscopic bodies [3- 

When searching for a fifth force, one can study the in- 
teraction between two macroscopic bodies (torsion pen- 
dulum, Casimir force...) or one can use subatomic par- 
ticles. Macroscopic bodies have a better sensitivity for 
a macroscopic range of the force, for example the Seat- 
tle Eotwash experiment is the best probe for millimeter 
range fifth forces |8]. Experiments studying the Casimir 
effect are competitive probes of extra interactions in the 



2 



micrometer range. They could also test chameleon mod- 
els despite the presence of the thin shell effect [9]. Sub- 
atomic particles are probing shorter ranges. For example, 
neutron scattering data provide the best constraints at 
the nanometer scale [TU] . 

In addition, there are experiments looking for the pos- 
sible interaction of subatomic particles with a macro- 
scopic body. In this article we consider the experiments 
probing ultracold neutrons bouncing above a mirror and 
analyse their sensitivity to the chameleon field. We ex- 
pect a measurable effect as the neutron will not display 
a thin-shell effect due to the large extension of its wave 
function in the terrestrial gravitational field above the 
mirror. The resulting shift in the neutron energy levels 
induced by the unscreened change in the potential energy 
of neutrons due to the chameleon could be detectable. In 
the following we will calculate the chameleon field pro- 
duced by the mirror used in the bouncing neutron ex- 
periments, and then investigate how the neutron could 
probe this chameleon field on top of the mirror. 

We first consider the chameleon profile when a dense 
plate is embedded in a sparse environment. We consider 
an infinitely thick plate z €]— oo, 0] of density p in contact 
with a vacuum for z > of density poo- The chameleon 
profile satisfies the Klein-Gordon equation 



(5) 



both inside and outside the plate where Vcs is given by 
eq. ([T]) and ([2 ) . We assume that both deep inside and at 
infinity, the chameleon settles at an effective minimum 
satisfying 



3)=0 



(6) 



where 0b and 0oo are respectively the bulk and infinity 
vacua. In the following we shall assume that /3(f>/Mp\ <C 1 
implying that 



A/pi 



(7) 



Therefore we find that in the bulk and outside the plate 
= ¥'{<!>) - (bulk) (8) 

y'(</))-r((/.^) (outside). (9) 



dz^ 



Integrating these equations determines the value of c/jq = 

T^O = TTTTT—^ T77TT-^ (10) 



and therefore 

^n/2+l /.x 

V2z = 



A2+"/2 J (1 - y" -h n(y"+i - y"))i/2 



(11) 



where (j) > ipo when z > and x = 4>/(j)oo- As long as 
X <C 1 we can approximate the integrand by a;"/^ and 
therefore 



V2 



2/2+1 
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Now the mass of the chameleon at the boundary is 

A4^ 
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and we find for the field profile 



(2 + n) 
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When the densities are p^o ^ p we have (f>oo 3> (f>b and 

The contribution of the chameleon to the interaction 
potential with matter particles of mass m is j3m/M-p\(j) 
implying that the total potential gets an extra attractive 
term in addition to the usual gravitational acceleration 
g = 9.8 m/s^: 



$(z) = mgz + P 



PI 



(z). 



(16) 



Let us now analyse the phenomenological consequences 
of the presence of the additional potential above the mir- 
ror. We consider ultracold neutrons bouncing above the 
mirror, with a mirror density of p = 2.6 g/cm^ (10^^ eV 
in natural units) to be specific. The vertical motion 
of the bouncing neutrons is described by the stationary 
Schrodinger equation for the wavefunction ip: 



h^d^ 

2m dz'^ 



ij + ^{z)ij{z)^Ei}j{z), 7/;(0)=0, (17) 



where m is the mass of the neutron. From now on we 
do not work in natural units anymore and reintroduce 
the h factors. As a generic feature of a quantum particle 
confined in a well, the energy E can only assume discrete 
values (-Efc)fc=i,2 -oo- In absence of the chameleon effect. 



the quantum bouncer problem (17) can be solved exactly 



in terms of the Airy function Ai and its negative zeros 
Ai(-e„) = 0: 

Ek = EQEk , ipk{z) = CfeAi(z/zo - efe) for z > (18) 

where Ck is a normalization factor, Eq — mgzQ — 0.6 peV 
and Zq is the (very large) spatial extension of the wave- 
functions: 



2mP-g 



1/3 



5.87 ^m 



(19) 
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The unusual scale of the parameters of the quantum 
states is due to the weakness of the gravitational force, it 
makes this quantum system very sensitive to additional 
interactions. Following the experimental discovery of the 
quantization of the energy levels of the bouncing neu- 
trons at the ILL reactor in Grenoble [TTj, an extensive 
programme has been started in order to probe this phe- 
nomenon with increased precision |12H14j (a recent re- 
view on the topic can be found in [IS]). In particular, 
the forthcoming GRANIT experiment being set up at the 
ILL [13] will measure the energy levels with a precision 
better than 0.01 peV. Ultimately even better sensitivity 
could be reached, down to 10"'' peV [T^]. We will now 
argue that the neutron bouncer is a competitive probe 
of the chameleon field in the case of strongly coupled 
chameleons, since the additional term in ( 16 ) leads to 



two potentially observable effects: the shrinking of the 
wavefunctions of the stationary states and the shifting of 
the energy levels. 

In the case where the chameleon is strongly coupled 
/3 ^ 1, we find that m^zo ^ 1 and the chameleon field 
( 14 1 seen by the ultracold neutrons a few micrometers 



above the mirror simplifies: 
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The line in the parameter space (/?, n) where m^zo = 1 
is shown as a green line in fig. [l] justifying the simpli- 
fication (20). This blue line corresponds to the situa- 



tion where the mirror has a thin shell effect of thickness 
zq. Importantly, in this regime, the chameleon field 4>{z) 
above the surface is independent of the coupling strength 
/?. This explains why experiments with macroscopic bod- 
ies have no net gain in sensitivity for large couplings: 
when (3 increases, the thin shell at the surface of the test 
bodies shrinks and there is no increase in the force. The 
situation is drastically different for neutron gravitational 
quantum states. Although the mirror has a thin shell the 
neutron has none, the net potential seen by the neutron 
is linear in (3 (it would be quadratic in /3 in the absence of 
the thin shell effect for the mirror). Also, it is important 
to notice that the chameleon field is independent of the 
density of the mirror. 

To study quantitatively the phenomenology of the 
chameleon term, it is useful to write the potential in the 
following form: 



$(z) =mgz-f /3F„(z/A)"" 



(21) 



with 



m , /2 + n 



2/{2+n) 



= 0.9 X IQ-^^ eV ' 



V2 



2/(2+n) 



where A = 1/A = 82 ^m and a„ = 2/(2 -I- n). Besides 
the Planck mass, the chameleon field introduces a single 
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TABLE I: Overlap functions. 



new characteristic distance scale A, which is remarkably 
close to the size of the bouncing neutron wavefunctions. 

Now let us study two effects of the additional poten- 
tial, i.e. a modification of the wavefunction of the neu- 
tron and a shift in the energy levels. If strong enough, 
the attractive new term /3y„(z/A)"" could by itself cre- 
ate an additional bound state very close to the surface 
and would have shown up in early experiments performed 
at ILL Grenoble. One can estimate the size of the first 
quantum state from the Heisenberg relation. For a classi- 
cal bouncing motion of turning point Z, the momentum 
oscillates with maximal value 



Pn 



v/2m/3K(^/A)""/2. 



(22) 



Imposing now the Heisenberg relation p^nnxZ — h gives 
the characteristic height of the ground state level: 



2m/?-l/„ 



(23) 



In order not to conflict with the Grenoble experiments, 
the height Z must be larger than about — 2 /im. 

This kind of approach has already been used to set con- 
straints on short range attractive Yukawa forces [T7]. In 
our case we find the limit: 



/3< 



A"" 



(24) 



which is plotted in Fig. [T] 

Higher sensitivity to chameleons will be obtained with 
the next generation of experiments observing induced res- 
onant transitions between two quantum states. In the 
first stage of GRANIT, the transition 3 ^ 1 of neutrons 
in the terrestrial gravitational field will be magnetically 
induced and the energy difference — Ei will be mea- 
sured with an estimated accuracy of 0.01 peV. In absence 
of exotic effects like the chameleon, the energy level ex- 
pectation E^ — El = 1.91 peV is known very precisely 
from (18). Now the chameleon potential induces a shift 
6Ei of the energy levels Ei which can be calculated at 
first order in perturbation theory: 

SEk - {4'k\SHz)\4,k) (25) 

where 5^{z) = /3y„(z/A)"" is a good approximation to 
the chameleon contribution to the potential for large /3, 
and \tpk) are the unperturbed wavefunctions. We define 
the overlap functions: 



Okia) = ( yjk 



(26) 
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FIG. 1: The chameleon exclusion plot. We find that above 
the bottom green line the chameleon field is independent of 
the coupling, above the top blue line chameleons produce a 
quantum state with a size of 2 microns and finally above the 
red dashed line the chameleons shift the 3 — >■ 1 resonance 
by more than 0.01 peV. We have also drawn the ultimate 
sensitivity limit at the 10~^ peV level. 



The overlap functions are calculated numerically for the 
first three quantum states, the result is shown in Table |T] 
Then, the shift in the 3—7-1 resonance energy becomes 



/3K(y)""(03(a„)-OiK))- (27) 



In Fig. [T] we show the sensitivity of the first stage of 
GRANIT using eq. (27), which is roughly independent of 
n: (5 > 10^. This will greatly improve on the sensitivity 
of atomic experiments. We also show the ultimate sen- 



sitivity of the gravity-resonance-spectroscopy technique 
covering most of the chameleon parameter space. 

It is interesting to compare our results to the limits set 
by macroscopic 5*'' force searches and equivalence prin- 
ciple (EP) tests analysed in [5] and reproduced in fig. 
[T] Although these experiments are intrinsically sensitive 
to forces much weaker than gravity (especially for E.P. 
tests) , chameleons can hide thanks to the thin shell effect 
for large enough couplings /?. Especially, in all fifth force 
experiments measuring a force between two macroscopic 
bodies, a shielding layer (to shield magnetic, electric or 
thermal fluctuations) of thickness at least 10 /im is in- 
serted between the two bodies. This layer suppresses the 
chameleon-induced interaction for large enough couplings 
/?. The exclusion zone in [5] neglected this effect which 
is accounted for in our fig. [T] Contrary to experiments 
using macroscopic bodies, bouncing ultracold neutrons 
are free of any neutronic thin shell effect and allow one 
to probe strongly coupled chameleons. Strongly coupled 
chameleons could also be probed with Axion-like particle 
searches via the induced chameleon-photon coupling |18j . 
These experiments are sensitive to the coupling range 
10" < /3 < 10^8 [in]. For GRANIT, it turns out that 
the contribution from the magnetic energy to the density 
Poo can be safely neglected. 

During the preparation of this letter, the discovery of 
resonant transitions of the neutron quantum bouncer has 
been reported by the qBounce collaboration [50^. Al- 
though a detailed analysis of the systematic effects is not 
yet available, the 1 — >■ 3 transition energy agrees with the 
Newtonian prediction at the level of 0.1 peV. Thus the 
chameleon coupling to matter is constrained at the level 
of /? < 10^ already. 

We are grateful to A. Barrau and to members of 
the GRANIT collaboration (in particular D. Rebreyend, 
V. Nesvizhevsky and K. Protassov) for valuable discus- 
sions. 
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